Abstract-Near maximum likelihood block signal detection using QR decomposition and M-algorithm (QRM-MLBD) can improve a bit error rate (BER) performance of cyclic prefix inserted single-carrier (CP-SC) transmissions. However, it requires a fairly large number M of surviving paths in the M-algorithm and leads to very high computational complexity. Replacing the CP by training sequence (TS) was shown to reduce the number of M. Another approach to reduce the complexity of QRM-MLBD is to modify the tree structure constructed by QR decomposition for ML detection. Recently, we proposed a 2-step QRM-MLBD which prunes unreliable symbol candidates before tree search by using the minimum mean square error based frequency-domain equalization (MMSE-FDE) output. In this paper, we apply the 2-step QRM-MLBD to TS inserted SC (TS-SC) transmission in order to further reduce the complexity of QRM-MLBD. We show by computer simulation that 2-step QRM-MLBD can reduce the complexity compared to conventional QRM-MLBD while keeping almost the same BER performance.
INTRODUCTION
The bit error rate (BER) performance of broadband singlecarrier (SC) transmission severely degrades due to strong inter-symbol interference (ISI) [1] . A cyclic prefix inserted SC (CP-SC) block transmission with minimum mean square error based frequency-domain equalization (MMSE-FDE) can improve the BER performance of CP-SC transmission with a low computational complexity [2, 3] . However, a big performance gap from the matched filter (MF) bound [4] still exists due to the presence of the residual ISI after FDE [5] .
Near maximum likelihood block signal detection using QR decomposition and M-algorithm (QRM-MLBD) [6] was proposed for CP-SC transmission [7, 8] . It has been shown that QRM-MLBD can significantly improve a BER performance of CP-SC transmission compared to MMSE-FDE. In CP-SC transmission, a fairly large number M of surviving paths in the M-algorithm is required to improve the BER performance because the probability of removing the correct path at early stages becomes high. The use of large M leads to increased computational complexity. To remedy this problem, the training sequence (TS) inserted SC (TS-SC) transmission [9] can be used [10] . TS is utilized to reduce the probability of removing the correct path at early stages in M-algorithm.
Another approach to reduce the complexity of QRM-MLBD is to modify the tree structure constructed by QR decomposition for ML detection. Recently, we proposed the 2-step QRM-MLBD [11, 12] which prunes unreliable symbol candidates before tree search by using MMSE-FDE output. 2-step QRM-MLBD aims to reduce the number of paths itself in the tree, and therefore the complexity of tree search can be lowered. In this paper, we apply the 2-step QRM-MLBD to TS-SC transmission.
The rest of the paper is organized as follows. Sections II and III present the TS-SC transmission model and 2-step QRM-MLBD, respectively. In Sect. IV, we evaluate by computer simulation the BER performance of TS-SC using 2-step QRM-MLBD and discuss the computational complexity. Section V offers some concluding remarks.
II. TS-SC TRANSMISSION MODEL
The block structure of TS-SC and CP-SC transmission are compared in Fig. 1 . For both TS-SC and CP-SC, the number of useful data symbols and guard interval (GI) length are respectively N c and N g . The CP which is the copy of last N g symbols of each block and the TS which is the identical for all blocks are inserted into GI for CP-SC and TS-SC, respectively. The difference between TS-SC and CP-SC is the size of discrete Fourier transform (DFT) to be used at the receiver. The DFT size is N c symbols for the CP-SC and is N c +N g symbols for TS-SC. By including the TS in the DFT block, we can construct the circular property of time-domain channel matrix. Therefore, the frequency-domain channel matrix can be diagonalized and we can apply a one-tap FDE to TS-SC transmission in common with CP-SC transmission. Figure 2 shows the TS-SC transmission model assumed in this paper. Throughout the paper, the T s symbol-spaced discrete time representation is used. We assume a frequency-selective fading channel composed of symbol-spaced L distinct propagation paths. The received signal is a cyclic convolution of the transmitted block and the channel impulse response as long as the GI is longer than the maximum channel time delay.
The data symbol block composed of N c symbols is expressed using the vector form as d= T to be transmitted is expressed using the vector form as 
where E s is the symbol energy.
] represents the frequency-domain channel gain matrix and 
III. 2-STEP QRM-MLBD FOR TS-SC TRANSMISSION A. Symbol candidate selection using MMSE-FDE output
In the first step of 2-step QRM-MLBD, the symbol candidates to be involved in the path metric computation are selected by performing MMSE-FDE. First, the a posteriori probability of each symbol candidate is calculated by using MMSE-FDE output. MMSE-FDE is carried out by multiplying Y by the MMSE weight matrix W as [2, 3] 
where (6) and S=Fs=[S(0),…,S(N c +N g −1)] is the frequency-domain transmitted signal vector ([.] * denotes the complex conjugate operation). In order to improve the MMSE-FDE, we introduce the TS cancellation from
where
is the frequency-domain channel gain matrix after MMSE-FDE and
T is the frequency-domain TS replica vector represented as 
is the soft decision vector of MMSE-FDE and
H is the Hermitian transpose operation).
The soft decision output of MMSE-FDE can be written as (10) where the first, second, and third terms are the desired signal, residual ISI and noise components, respectively. 
The a posteriori probability of each symbol candidate can be calculated by using 2 μ σ .
From Bayes' theorem, when the MMSE-FDE output is obtained, the a posteriori probability of a symbol candidate c i (i=0~X−1, X is the modulation level) can be calculated as
where P(c i ) is the probability that a symbol candidate c i is transmitted,
is the conditional probability density function (pdf) given as
is the pdf of ) ( t d ′ . In this paper, we assume that all the symbol candidates are transmitted with same probability, and therefore, P(c i )=1/X for i=0~X−1. Then, assuming
Next, symbol candidate selection is carried out. Figure 3 shows the process of symbol candidate selection. The symbol candidates are selected in descending order of the a posteriori probability and calculate the accumulated a posteriori probability. This process continues while the accumulated a posteriori probability exceeds the prescribed threshold α.
If α is set too large, only a few symbol candidates are pruned, and therefore the computational complexity of 2-step QRM-MLBD cannot be reduced from QRM-MLBD a lot. However, the use of too small α leads to the transmission performance degradation. In this paper, α is set at each average received E b /N 0 (=(E s /N 0 )(1+N g /N c )/log 2 X) so that the degradation of average symbol error rate (SER) is within the 10% from the average SER of QRM-MLBD with sufficiently large M (e.g. M=16 for 16QAM in TS-SC transmissions) by preliminary computer simulation. 
B. QRM-MLBD
In the second step, QRM-MLBD is carried out by viewing a concatenation of propagation channel H and DFT matrix F as an equivalent channel HF H = in Eq. (2) . In this paper, we use the complexity reduction method for QR decomposition using the first step of 2-step QRM-MLBD [12] . In addition, TS can also be removed from the received signal as shown in Fig. 4 because TS is known sequence and not related to signal detection. As a result, the size of equivalent channel matrix can be reduced to (N c +N g )×(N c −C) and the number of complex multiplications required for the QR decomposition is (N c +N g )×(N c −C) 8.8%
1.3% 
TS is known
where IV. COMPUTER SIMULATION We evaluate the average BER performance and computational complexity by computer simulation. We assume 16QAM data modulation, data block size N c =64, and GI length N g =16. A partial sequence taken from a Pseudo noise (PN) sequence with repetition period of 127 bits is used as TS. The same data modulation is used for TS and useful data. The channel is assumed to be a frequency-selective block Rayleigh fading channel having symbol-spaced L=16-path uniform power delay profile. Ideal channel estimation is also assumed. Figure 5 plots the average BER performances of conventional QRM-MLBD and 2-step QRM-MLBD in TS-SC transmissions. Also plotted for comparison is the average BER performance of conventional QRM-MLBD in CP-SC transmissions with M=256. From Fig. 5 , we can see that 2-step QRM-MLBD can achieve almost the same BER performance as QRM-MLBD in TS-SC transmission. In order to achieve a close-to-MF bound performance, M=256 is needed for both QRM-MLBD and 2-step QRM-MLBD in CP-SC transmissions [11, 12] . However, only M=16 is enough for both QRM-MLBD and 2-step QRM-MLBD in TS-SC transmissions. In a low and a high E b /N 0 regions, MMSE-FDE provides the BER performance close to QRM-MLBD although it is much less computationally complex. Therefore, using MMSE-FDE in the first step, the number of symbol candidates for the second step can be made small.
In Table I , the required number of complex multiplications is shown. The TS-SC requires higher complexity to get the frequency-domain signal since DFT is required instead of fast Fourier transform (FFT) when N c is set to power-of-two value and also requires higher complexity for QR decomposition and multiplication of Q H compared to CP-SC. On the other hand, the TS-SC can reduce the required number M of surviving paths in the M-algorithm and therefore, path metric computation can be lowered. 2-step QRM-MLBD additionally requires the computation of MMSE-FDE, cancellation of TS and symbols with 1 ) ( = t cand N from received signal and symbol candidate selection. However, the complexity of QR decomposition and the number of symbol candidate to be involved in the path metric computation can be reduced. Figure 8 shows the average number of complex multiplications per block for achieving close-to-MF bound performance. When the average received E b /N 0 is less than 8dB, α is set to 0 (i.e., the 2-step soft QRM-MLBD reduces to MMSE-FDE). This is because the performance difference between QRM-MLBD and MMSE-FDE is almost negligible. From Fig. 8 , we can see that 2-step QRM-MLBD can reduce the computational complexity compared to QRM-MLBD. The average overall complexity required for TS-SC using 2-step QRM-MLBD reduces to 25% of that required for CP-SC using QRM-MLBD for achieving average BER ≈ 10 V. CONCLUSIONS In this paper, we presented 2-step QRM-MLBD for TS-SC. Replacing CP by TS can reduce the required number M of surviving paths in the M-algorithm and pruning unreliable symbol candidates before tree search in the ML detection can reduce the computational complexity of QRM-MLBD. 2-step QRM-MLBD in TS-SC requires only 25% of the average complexity of conventional QRM-MLBD in CP-SC when 16QAM data modulation is used. 
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